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Detection of CO (J =1 — 0) Emission from Barred Spiral Galaxies at 

z ~ 0.1. 
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Abstract 

Wc present the results of CO ( J = 1 — 0) observations towards nine barred spiral galaxies at z = 0.08 — 0.25 
using the 45-ni telescope at Nobeyama Radio Observatory (NRO). This survey is the first one specialized 
for barred spiral galaxies in this redshift range. We detected CO emission from six out of nine galaxies, 
whose CO luminosity (L^q) ranges (1.09— 10.8) x 10^ K km s^^ pc^. These are the infrared (IR) dimmest 
galaxies that have ever been detected in CO at z ~ 0.1 to date. They follow the L'^q — Ljr relation among 
local spiral galaxies, Luminous Infrared Galaxies (LIRGs), Ultra-Luminous Infrared Galaxies (ULIRGs) 
and Sub- millimeter Galaxies (SMGs). Their Lqq and Lir are higher than that of local spiral galaxies 
which have been detected in CO so far, and Ljyi/Lqq, which is a measure of star formation efficiency, 
is comparable to or slightly higher than that of local ones. This result suggests that these galaxies are 
forming stars more actively than local spirals galaxies simply because they have more fuel. 
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1. Introduction 

Previous studies have revealed that almost 70 % of 
disk galaxies in the local universe have bars in their 
inner regions (e.g., Eskridge et al. 2000; Elmegreen et 
al. 2004; Jogee et al. 2004; Menendez-Delmestre et al. 
2007; Marinova k Jogee 2007; Sheth et al. 2008; Aguerri 
et al. 2009). This non-axisymmetric features is thought 
to influence the evolution of disk galaxies through redis- 
tributing angular momentum among the galaxy compo- 
nents, such as stars, gas and dark matter, and transferring 
gas to the central kiloparsec regions (e.g., Athanassoula 
1992a, 1992b; Sellwood & Wilkinson 1993). Some obser- 
vations have shown that molecular gas is more concen- 
trated in central kiloparsec regions in barred spiral galax- 
ies than non-barred ones (Sakamoto et al. 1999; Sheth et 
al. 2005; Kuno et al. 2007). 

Recent mapping observations of CO ( J = 1 — 0) towards 
nearby spiral galaxies revealed diversity of molecular gas 
distributions, even though their morphologies are similar 
in optical images (Heifer et al. 2003; Kuno et al. 2007). 
The molecular gas distributions are classified into four 
classes based on appearance in CO; molecular gas is 1) 
distributed all along the bar, 2) concentrated in the center 
and ends of the bar, 3) concentrated only in the center, 
and 4) little CO present in the bar (Watanabe 2010). 
These qualitative features of molecular gas distribution 
in bars can be quantified and the variety of distributions 



among galaxies are suggested to reflect the difference of 
the intrinsic nature and the evolutional stage of barred 
spiral galaxies (Watanabe 2010). It is very important to 
reveal the origin of the difference of molecular gas distri- 
butions, since molecular clouds are the very birth places 
of stars which shape galaxies. 

In order to reveal whether there is a relation between 
the diversity of molecular gas distributions in barred spiral 
galaxies and their evolution, we need to investigate which 
type of distribution is the major trend in present and past 
epoch, and compare them each other. However, it is im- 
possible to make CO map of barred spiral galaxies at z > 
0.1 in comparable resolution with that for nearby galax- 
ies, < 1 kpc, using the existing instruments. Observations 
with the Atacama Large Millimeter/submillimeter Array 
(ALMA) , which is expected to have higher resolution and 
sensitivities, will shed light on the appearance of CO in 
galaxies at z > 0.1. 

Although a number of CO observations toward galax- 
ies at z > 0.1 have been made so far, they are limited 
to Luminous Infrared Galaxies (LIRGs), Ultra-Luminous 
Infrared Galaxies (ULIRGs) and Sub-millimeter Galaxies 
(SMGs). Moreover, these studies are not concerned with 
the morphology of galaxies (Scoville et al. 1993, 2003; 
Solomon et al. 1997, 2005; Lo et al. 1999; Tutui et al. 2000; 
Evans et al. 1999, 2002, 2005, 2006, 2009; Gao & Solomon 
2004; Daddi et al. 2010; Geach et al. 2011; Combes et al. 
2011). Meanwhile, studies concerning the morphology of 
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galaxies have so far been limited to nearby galaxies. It 
is now possible to see the morphology, especially bars, 
of galaxies in optical or near infrared (NIR), and also to 
detect CO emission at 0.1 < z < 1.0, thanks to the pro- 
gression of observational equipment, even though the res- 
olution obtained in a reasonable observing time can not 
match that of local observations. This allows us to per- 
form for the first time the systematic CO observations to- 
wards barred spiral galaxies in this redshift range. Hence 
we performed CO ( J = 1 — 0) pointing observations to- 
wards barred spiral galaxies at z > 0.1 using the 45-m 
telescope at Nobeyama Radio Observatory (NRO)^. The 
results from this survey will provide us the molecular gas 
mass of normal galaxies in this redshift range for the first 
time and also act as a sample selector for upcoming ALMA 
observation. As a first step, we observed nine barred spiral 
galaxies at z ~ 0.1. 

We assume the standard A— CDM cosmology with Hq = 
71 km s-i Mpc-\ flM = 0.27, fl/^ = 0.73 (Komatsu ct al. 
2009) through this paper. 

2. Sample Selection 

Our purpose of these observations is to search for barred 
spiral galaxies around z ^ 0.1 which will be bright enough 
in CO to see their molecular gas distributions in bars 
through upcoming ALMA observation. This purpose re- 
quires our sample to satisfy following criteria: 

1. barred spiral galaxies, 

2. redshift of z~0.1, 

3. detectable CO ( J = 1 — 0) emission. 

We need high resolution optical or NIR images to de- 
termine whether galaxies have a bar or not for the first 
criterion. Thus, the samples are selected from Cosmic 
Evolution Survey 2 deg^ field (COSMOS: Scoville et 
al. 2007). We picked up sample galaxies in two ways; 
through Structured Query Language (SQL) query in 
SDSS/SkyServer2 and from ZCOSMOS (Lilly et al. 2009) 
catalog'^. 

For selecting galaxies through SkyScrver, we specified 
the sample selection area which is 2 dcg^ square centered 
on (a,(5)j20oo = (lO'' 00™ 28^6, -F02° 12' 21".0), which is 
the center of the COSMOS field, and the redshift range 
0.08 < z < 0.25. In order to pick up disk galaxies and to 
exclude galaxies too inclined to speculate on their face-on 
morphologies, we imposed following criteria: 

1. the likelihood of the exponential fit is greater than 
the likelihood of the de Vaucoulcours profile fit, 

2. the inclination angle obtained from the axis ratio of 
exponential fit is less than 60°. 



(a) 



^ The 45-m radio telescope is operated by Nobeyama Radio 
Observatory, a branch of National Astronomical Observatory 
of Japan. 

^ SDSS/SkyServer: http://cas.sdss.org/astro/en/ 
^ ZCOSMOS DR2: http://archive.eso.org/cms/eso-data/data- 
packages / zcosmos-data-release-dr2 / 
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Fig. 1. Optical / band ((a), (d), (c), (f), (g), (h) and (i) 
taken with HST/ACS: Koekemoer et al. 2007 ) or B band 
((b) and (c) taken with Subaru) images of sample galaxies. 
Image size is 18 arcsec X 18 arcsec. 



We used r band data for sample selection, since it achieved 
the best sensitivity (22.2 mag) among all five SDSS bands. 
This left us with 46 galaxies that satisfied these criteria. 

In the case of selection from ZCOSMOS catalog, we 
picked up galaxies by imposing only redshift criterion, 
since ZCOSMOS catalog does not contain the informa- 
tion on the morphology of galaxies. 1,064 galaxies re- 
mained that still include high inclined disk, elliptical and 
irregular galaxies. 

Next, we cross-matched both sets of galaxy candi- 
dates with S-COSMOS (Sanders et al. 2007) data catalog 
through NASA/IPAC Infrared Science Archive (IRSA).^ 
We picked up IR bright galaxies with 24/um flux ^24 > 
2.0 mjy, expected to satisfy the third criterion from the 
Lib. — L'qq relation among various galaxies reported in the 
wide redshift range so far (Young et al. 1984; Sanders & 
Mirabel 1985; Tutui et al. 2000; Yao et al. 2003; Greve et 
al. 2005). 

IR luminosity, Lm was estimated using Spitzer/MIPS 
data as 

LiR = 1.559 !/24-^24 + 0.76 86 1/70L70 + 1.347 J^i6oii6o(l) 

where L24, ^70 and Lieo a-re luminosities at 24^m. 70/im 
and 160^m, respectively (Dale & Helou 2002). 

Finally, we retrieved optical or NIR images taken 
with HST, Subaru Telescope or Canada France Hawaii 
Telescope as a part of COSMOS project through 
COSMOS Cutouts^ and checked whether each galaxy had 
a bar or not (the first criterion). This resulted in nine 



IRSA General Catalog Query Engine: 

http: / /irsa. ipac.caltech.edu/applications/Gator/ 

COSMOS Cutouts: http: / /irsa.ipac. caltech.edu/data/COSMOS/index_cutouts.ht; 
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SDSS Name 



CtJ2000 
h m s 



-',72000 



rcdshift 



J095959. 
J100202. 
J100318. 
J095904. 
J100107. 
J095933. 
J100051. 
J100045. 
J100016. 



015913.1 
012955.1 
025504.8 
024957.8 
022519.5 
014905.8 
21+014027.1 
29+013847.4 
85+024327.5 



63- 
58- 
41- 
15- 
75- 



09 59 59.9 

10 02 02.7 
10 03 18.6 

09 59 04.4 

10 01 07.2 

09 59 33.7 

10 00 51.2 
10 00 45.2 
10 00 16.9 



+01 59 13.0 
+01 29 57.5 
+02 55 04.8 
+02 49 57.9 
+02 25 19.6 
+01 49 05.9 
+01 40 27.2 
+01 38 47.5 
+02 43 27.5 



0.080346 
0.098167 
0.104808 
0.119338 

0.1215 
0.132985 
0.166130 
0.220522 

0.2500 



2.13 + 0.15** 
3.08 + 0.45 
3.58 + 0.56 
4.44 + 0.61 
4.18 + 0.68 
12.4+1.4 
14.5 + 1.6 
18.5 + 3.0 
22.3 + 2.8 



Central 
activity* 



HII 
AGN 
HII 
HII 

HII 
HII 
transition 



Table 1. Sample galaxies. 'Classified using BPT diagram (Baldwin et al. 
al. (2006). **Estimated from only 5'24, Syq and assumed vjqLio = I'leo^ieOi 



1981), and criteria defined in Kewley et 
since this galaxy does not have 5160 data. 



galaxies remained. Five out of nine sample galaxies are 
classified as normal and four as LIRGs in terms of IR lu- 
minosity. Normal-type samples are the ones with the IR 
dimmest galaxies that are detected in CO at this rcdshift. 
Optical images of these galaxies are shown in figure 1 and 
parameters of the sample galaxies are listed in table 1. 

3. Observation 

We observed nine barred spiral galaxies at z ^ 0.1 in 
the CO ( J = 1 - 0) line from January to May in 2010 
and 2011 using the 45-m telescope in NRO. The line fre- 
quency was shifted to between 92.217 GHz and 106.699 
GHz from the rest frequency of 115.271 GHz according to 
the redshifts of the sample galaxies. We used waveguide- 
type dual-polarization sideband-separating SIS receivers, 
TIOOH/V (Nakajima et al. 2008) and 1024 channel digi- 
tal autocorrelators with a frequency coverage of 512 MHz 
as a backend (Sorai et al. 2000). The image rejection 
ratios (IRRs) of TIOOH/V were measured at each observ- 
ing frequency per day and were 9 — 20 dB through the 
observations. The system noise temperature, Tsys, was 
typically 150 — 240 K during our observations. Telescope 
pointing was checked every 50 minutes through observing 
SiO maser source, R leo, at 43 GHz. We used the data 
which was observed with pointing accuracy higher than 5 
arcsec. The main beam size, Ob is ^ 18 arcsec around 100 
GHz, which corresponds to ^ 27 kpc at the smallest red- 
shift of sample galaxies [z = 0.08), and to ^ 70 kpc at the 
largest {z = 0.25). All data were calibrated by the stan- 
dard chopper wheel method, and converted from antenna 
temperature T* scale into main-beam brightness temper- 
ature Tmb = T*/r/^]j. Here the main beam efhciency 77,nb 
was 0.46. 

Data reduction was done using the NEWSTAR soft- 
ware, which was developed by the NRO based on the 
Astronomical Image Processing System (AIPS) package. 
All data were scaled by the following factor / (Kerr et al. 
2001), 

® Conversion factor from K to Jy around 92 — 107 GHz, which 
is the range of observing frequencies, is estimated to be ~ 5.8 
Jy/K. 



■' J^QlRR/10' ^ ' 

We flagged all data with r.m.s. > 0.075 K in Tmb scale 
at 200 km s"^ resolution to exclude bad baseline spec- 
tra, and then baselines were subtracted by linear fitting. 
Integration time of each galaxy was 2 — 8 hours summed 
up for the both polarizations, and the typical r.m.s. noise 
temperature was in the range of 1.0 — 2.5 mK in Tmb scale 
after binning up to 40 — 50 km s^^ resolution. Integrated 
intensity, /cOj was calculated according to Ico = /Trnb dv. 
The error of Ico, ^Ico, was estimated as (Sage 1993) 

A/CO = ^AK^ (^) m.n...)^ + (^) (T_.)^ (3) 

where AVc is the full line width within which the inte- 
grated intensity was calculated, and AVt, is the velocity 
range over which the baseline was fitted. Tr.m.s. is the 
r.m.s. noise temperatures at velocity resolution of At;, 
which is the velocity resolution of final spectrum. The 
first term in the square root represents the error from 
r.m.s. noise and the second term represents that from the 
error of the baseline determination. In the case where the 
spectra has a signal-to-noisc ratio (S/N) less than 3, the 
upper limit of 3 A/co was adopted as Iqo- 

CO line luminosity was calculated from the integrated 
intensity and beam solid angle fib = 7r0|/41n2 {9b in ra- 
dians): 

L'co-^j^f^ (Kkms-ipc^), (4) 

where is a luminosity distance formulated by cosmo- 
logical parameters such as Hubble constant Hq, matter 
density parameter cosmological constant density pa- 
rameter f^A as: 

Dl = {1 + z)^ r — . (5) 

Ho Jo [17^(1 + z)3 + r!A] ^ 

4. Results and Discussions 

The obtained spectra are shown in figure 2. We 
detected CO emission from six out of nine galax- 
ies (S/N > 5 in Ico), marginally from SDSS 
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Fig. 2. CO spectra taken with tiie 45-m telescope. All spectra are binned into 40 — 50 km s ^ resolution. Name and rcdshift of each 
galaxy are shown in the upper right corner of the spectrum. Heavy line in each spectrum, except for SDSS J100202. 63-1-012955.1 
and SDSS J100016. 85-1-024327. 5 (S/N < 3), indicates the full width at zero intensity of emission line. 



J100045.29-h013847.4 (S/N-4.4), while the re- 
maining SDSS J100202.63+012955.1 and SDSS 
J100016.85-h024327.5 did not show CO emission elearly 
(S/N < 3). CO line Imninosity of our sample galaxies 
ranges from 1.09 x 10^ (SDSS J095959.88-f 015913.1) to 
1.08 X 10^0 (SDSS J100051.21-h014027.1) K km s'^ pc^, 
and average value is ^ 5 x 10^ K km pc^, which is 
several times higher than that of local spiral galaxies. 
If we applied the local CO-to-H2 conversion factor of 
^co-H2 = 1-0 X 10^0 cm-2 (K km s-^^^ (Nakai & Kuno 
1995) to our sample galaxies, molecular gas mass would 
be in the range of 1.75 x 10^ - 1.74 x 10^° Mq. CO inte- 
grated intensity, full width at half maximum (FWHM) of 
spectrum, CO line luminosity, molecular gas mass, and 
Lm/L'co '^^ '^^^ sample galaxies are summarized in table 
2. 

4-.1. Validity of estimation of galactic global value of L'qq 
and LiR 

We estimated Lir, from 24, 70 and 160 /.im fluxes 
listed in the S-COSMOS catalog. COSMOS is the sur- 



vey for distant sources which are expected to be point 
sources with respect to the size of Point Spread Function 
(PSF). For the three bands of MIPS, the PSF is 6 
arcsec for 24 /im, 18 arcsec for 70/im, and 40 arcsec 
for 160 /im. The largest Petrosian radius in r-band, 
^Pot,r among our sample galaxies is 5.45 ± 0.24 arcsec 
(SDSS J100045. 29+013847.4), and it has been shown that 
2i?Pet,r- encompasses almost all of the total light from an 
exponential disk galaxy (Strauss et al. 2002). The op- 
tical size of this largest sample is estimated to be ^ 22 
arcsec (> 6 arcsec and > 18 arcsec). Therefore there is a 
possibility that the fluxes calculated as point sources may 
be underestimated, even though it is unclear whether the 
galaxy extent of our samples in MIPS bands is comparable 
to the optical size or not. We examined this by compar- 
ing the Lib. estimated from the catalog fluxes with the 
one estimated from images. For the Lir estimation from 
MIPS images of galaxies, we calculated the total fluxes in- 
cluded in the circles with diameter of 4 — 5 times FWHM 
of PSFs of each band. As a result, we got an almost lin- 
ear relation between two Ljrs estimated in two different 
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Table 2. Summary of observations and derived parameters. 



SDSS Name 




FWHM 


r' 

CO 


Mm 








K km s^^ 


km s"-*^ 


10'' K km s-1 pc2 


IQS Mq 


Lq (K km s-i pc2)-i 


J095959.88- 


h015913.1 


1.46 ±0.26 


243 


1.09 ±0.19 


1.75 ±0.31 


19.5 ±3.7 


J100202.63- 


h012955.1 


<G.67 




< 0.75 


< 1.20 


>41.1 


J100318.58- 


h025504.8 


1.55±0.21 


303 


1.97±0.25 


3.16 ±0.43 


18.1 ±3.8 


J095904.41- 


h024957.8 


6.56 ±0.52 


341 


10.8 ±0.87 


17.4±1.4 


4.10±0.65 


J100107.15-^ 


h022519.5 


1.25±0.19 


322 


2.15 ±0.32 


3.44 ±0.52 


19.5 ±4.3 


J095933.75- 


h014905.8 


3.84 ±0.38 


329 


7.88 ±0.79 


12.6±1.3 


15.8 ±2.4 


J100051.21- 


1-014027.1 


1.14±0.12 


141 


3.64 ±0.39 


5.84 ±0.62 


39.7 ±6.2 


J100045.29- 


h013847.4 


1.82 ±0.41 


533 


10.2 ±2.30 


16.3 ±3.7 


18.2 ±5.1 


J100016.85+024327.5 


<0.42 




< 3.01 


<4.83 


> 74.0 



ways. Thus it can be concluded that the degree to which 
the galactic global Lir calculated from cataloged fluxes is 
underestimated is negligibly small. 

In case of L'^q, we estimated the galactic global value 
from this observation using a beam size of the telescope 
that was slightly larger than or comparable to the optical 
size of observed object. In order to estimate the degree 
to which we underestimate L'qq with respect to the rel- 
ative size of the CO extent in galaxies, compared to the 
telescope beam size, we assumed a simple model. We 
assumed an exponential distribution of CO with several 
scale lengths and the gaussian telescope beam profile, and 
calculated the ratio of observed intensity to the true value 
as a function of the relative size of telescope beam to the 
CO extent. 

The result is shown in figure 3. Five lines in this plot 
represent the results with different ratio of CO scale length 
to the extent of CO with 0.1, 0.2, 0.3, 0.4, and 0.5 from 
top down. Young et al. (1995) has shown that the CO 
extent is almost half of the optical size of galaxies, and 
its scale length is about one-fifth of the optical radius. It 
has been also shown that the degree of central concentra- 
tion of CO of barred spiral galaxies is higher than that 
of non-barred ones as mentioned above (Sakamoto et al. 
1999). Therefore this ratio is estimated to be < 0.4. In 
this plot, we can see that the larger the relative size of 
telescope beam is to the CO extent, the more precisely 
the galactic global intensity is recovered. Moreover, the 
degree of recovery depends on the scale length of CO dis- 
tribution, i.e., the observed intensity is close to the true 
value with the central concentration of the CO. 

Since the largest optical size among sample galaxies is 
about ~ 22 arcsec, the gas extent is estimated to be ^ 11 
arcsec. In that case, the ratio of the size of telescope beam 
(~ 18 arcsec) to the CO extent is ^ 1.6, thus the degree 
of intensity loss is estimated to be < 27%. Meanwhile 
the error of the intensity in this galaxy is ~ 23%, which is 
comparable to the loss caused by the relative size of CO 
extent to the size of telescope beam. Therefore, although 
the galactic global L'qq obtained by this observation may 
be underestimated in some degree, the intensity loss is 
expected to be relatively small. 
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Fig. 3. The degree of recovery of true intensity as a function 
of the relative size of telescope beam to CO extent. Five lines 
in this plot represent the results with different ratio of CO 
scale length to the extent of CO, where 0.1, 0.2, 0.3, 0.4, and 
0.5 from top down. Shaded area is the expected range of 
horizontal axis of CO-detected galaxies in this observation, 
~ 1.6 -2.8. 



12. Global L' 



^co ~ -^IR 
tion of redshift 



relation and Lyr,/ L'^q as a func 



It is known that there is correlation between CO line 
luminosity ^^'^ luminosity Lir, which has been 
reported over wide redshift ranges (e.g.. Young et al. 1984; 
Sanders & Mirabel 1985; Tutui et al. 2000; Yao et al. 2003; 
Greve et al. 2005). This relation means that molecular 
gas mass {M^^) correlates with star formation rate (SFR). 
However, CO observations at z > 0.1 are currently limited 
to LIRGs, ULIRGs and SMGs, which are the extremely 
IR (in the rest frame) luminous objects in the universe. It 
still remains unclear whether this relation holds in normal 
galaxies {Lib < 10^^ Lq) at 2 '-.^ 0.1. 

Wc plot L^Q versus Lm for our sample galaxies as well 
as the data from previous studies in figure 4 (a). Here, we 
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used L'qq and Xir rather than Mjia and SFR, smee the 
former vahies are obtained through observations without 
any assumptions hke conversion factors, which may be dif- 
ferent between normal and extremely luminous galaxies. 
We used published luminosities of z < 1 objects; LIRGs 
and ULIRGs from Solomon et al. (1997) and Tutui et al. 
(2000), normal galaxies and LIRGs from Gao & Solomon 
(2004), and disk galaxies at z ^ 0.4 from Geach et al. 
(2011), and those of z > 1 objects; SMGs from Solomon 
& Vanden Bout (2005), and BzKs from Daddi et al. 
(2010). For local spiral galaxies, we used the cube data 
of Nobeyama CO Atlas (Kuno et al. 2007), summing up 
spectra of each galaxy as if they were observed through a 
telescope beam covering the entire galaxy as in this ob- 
servation, and estimated their global L'^q. Their global 
LiR were estimated using IRAS data as 

Lm = 3.65x10^ {2.58 Seo + Sioo) (Lq) (6) 

where Sqq and S'loo are the fluxes at 60/im and 100/im 
in Jy and D is the distance in Mpc (Devereux & Young 
1990). Hereafter, we use the term "normal spiral galaxies" 
for local spirals which have been detected in CO even 
though there may be more IR-luminous galaxies in the 
local universe. 

Distant luminous galaxies are often observed through 
only higher transition lines of CO, thus we need to 
estimate ^co(J=i-o) ^o™^ their luminosities of J > 
2. There are some studies showing that r2i — 
^co(J=2-i)/-^co(.7=i-o)' ^^'^ similarly and r^^ are 
less than unity (r2i = 0.9 for nearby normal and IR- 
bright galaxies: Braine & Combes 1992; Aalto et al. 
1995, = 0.64 for nearby starbursts: Devereux et al. 
1994, 7-32 = 0.50 for BzKs: Dannerbauer et al. 2009, 
r43 = 0.45 for radio galaxies at z ~ 3 — 4: Papadopoulos 
et al. 2000). Since they are consistently within this range 
and also recent C0( J = 1 — 0) observations towards quasar 
host galaxies at z > 2 have shown that these distant- 
luminous galaxies had r32 = 1 (Riechers et al. 2011), for 
simplicity we assumed r2i = r^2 = f^s = 1, which are the 
thermalized optically thick CO emissions, and estimated 
^co(J=i-o)' Four parallel dotted lines in figure 4 (a) rep- 
resent different Lir/L^q ratio of 10^, 10^ 10^ and 10° 
Lq (K km s-i pc2)-i. 

Our sample galaxies seem to follow the L'qq — Lir rela- 
tion throughout the data set, including local spiral galax- 
ies, LIRGs, ULIRGs and SMGs even though there is a 
certain degree of scatters in figure 4 (a). In this plot, our 
CO-detected samples seem to be distributed between local 
spiral galaxies and LIRGs, which implies that they have 
a larger amount of molecular gas and higher SFR than 
local spiral galaxies. In figure 4 (b), we plot the redshift 
versus Xir/L^q, which is a measure of star formation ef- 
ficiency (SFE). Lir/Lqq of our CO-detected sample are 
in the range of 4.1 — 40 Lq (K km pc^)~^ which are 
lower than other galaxies that have ever been detected in 
CO at z-0.1. 

In figure 4 (a), focusing on a fixed L'^q especially 
around 10^ K km s^^ pc^, there is a scatter of nearly 



two-orders of magnitude of Ljr. This scatter reflects the 
difference of SFE, which is indicated as different lines of 
constant Lir/Lqq, of each galaxy in this plot. Normal 
galaxies (Lir < 10^"'^ Lq) are distributed in Ljr/L^q < 
10^ Lq (K km s~^ pc^)~^ as well as our sample galaxies, 
while extremely IR-luminous galaxies (Ljr > 10^^ Lq) are 
distributed in Lir/L^q > 10^ Lq (K km s^^ pc^)-^ This 
means that some galaxies experience a normal star forma- 
tion as occurring in the disk region of local galaxies while 
others experience a burst-like one, even with the same 
amount of molecular gas. 

Combined with these results, our sample galaxies in z ^ 
0.1 seems to have a higher star formation activity than 
the normal spiral galaxies, not because their SFE is quite 
different but because they have more molecular gas as fuel 
for the star formation. 

4.3. Origin of scatter in Lir/Lqq 

In figure 4 (b), our sample galaxies seem to be dis- 
tributed in a relatively wide range of Lir/Lqq, taking 
into account non-detected samples. It is expected that 
there are normal galaxies at higher redshift, but CO ob- 
servation of higher redshift has been limited so far towards 
LIRGs or ULIRGs as mentioned. Our sample galaxies 
with lower value of LyrJ L'qq are normal-type galaxies as 
shown above. On the other hand, our sample also contains 
galaxies with relatively high Lir /L^q. We classified sam- 
ple galaxies picked up from SDSS in terms of activity of 
the central region of galaxies (HII, transition or AGN) us- 
ing fiux ratio of optical emission lines listed in the SDSS 
catalog. As a result, SDSS J100202.63-H012955.1 is clas- 
sified as an AGN, SDSS J100045. 29-^013847.4 is in the 
transition phase, and the others are classified as HII nu- 
cleus (see Table 1). This indicate that the contribution 
from the AGN to their Ljr may not be negligible. For 
galaxies whose Ljr is expected to show mainly their star 
formation activity, active starbursts which typically occur 
in the central region of the galaxy may affect the galac- 
tic global value of Lir/L^q. Hence it can be expected 
that Lir/L^q value in the center of starburst galaxies 
contributes more to the galactic global value than that 
of normal galaxies. We cannot separate the central region 
from the disk in the IR or CO image of our sample galaxies 
at z '--^ 0. 1 due to low resolution of these data, especially the 
beam size of CO observation was larger than the spatial 
extent of sample galaxies. Thus we examined the contri- 
bution from central LyrJL'qq to the galactic global one 
using the data of local spiral galaxies listed in Nobeyama 
CO Atlas (Kuno et al. 2007, hereafter Nobeyama sam- 
ples). The CO map is from the atlas, and the IR map 
from Spitzer/MIPS 24 /im. Although Lir of Nobeyama 
samples in figure 4 were derived using IRAS data and 
equation (6), we used MIPS 24^m map in this sub-section 
since the spatial resolution of IRAS (60, 100 ^m) is 2 
arcmin, which is not fine enough to separate the central 
region from the disk. Initially, we have checked the corre- 
lation of Lir from IRAS and 24/im luminosity, L247 and 
confirmed it. Thus we used L24 instead of Ljr this time. 

We defined the central and disk region of galaxies as 
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Fig. 4. (a) L'l^Q vs Ljr of our sample galaxies as well as the data from previous studies. Cross: SMGs, x-mark: local normal galaxies 
and LIRGs, open-box: LIRGs and ULIRGs, open-diamond: normal galaxies, LIRGs and ULIRGs, grey-circle: local spiral galaxies, 
grey-triangle: disk galaxies at z 0.4, and grey-diamond: BzK galaxies. Black star: the CO-detected galaxies (S/N>5), gray star: 
the marginally CO-detected galaxies (S/N'^4.4), and white star: not CO-detected galaxies {S/N<3) in this work. The errors of our 
data are as large as the size of star symbols. Four parallel dotted lines represent different Ljh^/LJ^q ratio of 10"^, 10^, 10^ and 10*^ 
Lq (K km pc^)~^. The solid line represents the least-square fit to all data, where logLj^^ = (1.61 it 0.06) log LJ-,q — (4.11 it 0.54). 
(b) Redshift vs Lu^/L^q. Symbols are the same as (a). 



^center < Rk2o/8 and Rk2o/8 < i?disk < i?/f2o/2, respec- 
tively. Rk20 is the Tfg-band 20 mag/arcscc^ elliptical ra- 
dius in arcsec from 2MASS Large Galaxy Atlas (Jarrett 
et al. 2003). Though the 24^m disks of most local galax- 
ies are extended to ^ Rk20 j we adopted Rk20 /2 as a disk 
extent since some galaxies were not observed in the outer 
regions of disk in CO. We estimated L24/-^co '^^ ^^^^ 
tral region and disk using AIPS task IRING by specifying 
central position, position angle, axis ratio and size of disk 
and width of the ring to be averaged over. The galactic 
global value of ^24/^00 estimated by calculating L24 
and Leo inside the Rk20- In case that the size of CO 
map is smaller than Rk20, the global L'qq was calculated 
inside the CO map. Definition of each value is as follows: 

/r /Tl \ _ L24XRj<20/8) , , 

(_ij24/^C07contGr — 77 7^5 7^, (1) 
L^q[Hk20/o) 

(T IT, X _ L2i{RK20/'^) ~ L2i{RK20/^) ,„s 
(.^24/i^COMisk - JT 7^ TTT 77 7^ 7^, [O ) 

L^Q[HK2a/'i) - L(.q[Hk2o/o) 



(L24/ico)g 



;lobal 



L2i{RK 



'20 



L'^q{R 



K2Q) 



where L24{R) and Lcq{R) are 24/xm and CO luminosity 
within radius R, respectively. 

We plot (L24/ico)disk versus (i24/ico)contor in fig- 
ure 5 (a). In this plot, we can sec that (i24/ico)disk 
of Nobeyama samples are mainly distributed in a rela- 
tively narrow range while (i24/-^c 



CO /center 



extends over 



almost 2 orders of magnitude. L2a/L'qq value in the 
central region of the galaxies have more variety com- 
pared to that in the disk, which possibly reflects the 



difference of central activity. From this, if galaxies 
have a higher value of (L24/ico)conter/(i24/ico)disk, 
we can interpret this as because (i24/ico)center is 
high, not because (i24/-^^co)disk is low. In fig- 
ure 5 (b), we plot (L24/ico)center/(i24/ico)disk 

versus (i24/-^co)giobai- We can see that galax- 
ies with higher value of (i24/-^^co)giobai have higher 
(L24/ico)contor/(i24/ico)disk ratio. This indicates that 
the difference in contribution from (i24/-^co)center rela- 
tive to (i24/-^co)disk rnay affect the galactic global value 

of i24/ico- 

These results imply that the variety of the galactic 
global value of Lir/L^o °f o^'^ sample galaxies seen in 
figure 4 (b) may reflect the difference of central activity 
(normal, starburst or AGN) and also the difference in the 
degree of contribution from central star formation to the 
whole galaxy. Therefore, CO observation towards galaxies 
at z 0.1 at high-resolution is important to understand 
global star formation properties. 



(9) 5. Summary 



We observed nine barred spiral galaxies at z = 0.08 — 
0.25 using the 45-m telescope at NRO, and detected CO 
emission with S/N > 5 from six out of nine galaxies. These 
are currently the IR dimmest galaxies ever detected in CO 
at this redshift. The observed CO line luminosity, L'(^q, 
ranges from 1.09 x 10^ to 1.08 x 10^" K km s~^ pc^, which 
are similar to, or several times higher than, the average 
value for local spiral galaxies. They follow the L'qq — 
LiR relation in multiple galaxy types including local spiral 
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Fig. 5. (a) (iiR/ijQo)disk vs (LiR/-LQQ)ccntGr of Nobcyama CO Atlas galaxies (Kuno et al. 2007). Open-circle: galaxies whose 
central values in 24/xm images are partly saturated, (b) (iiR/iQQ)ccntcr/(iiR,/-'jQo)disk vs (iiR/iQQ)giobal- Symbols arc the same 
as (a). 



galaxies, LIRGs, ULIRGs and SMGs. Lqq and Lir of our 
sample galaxies are both higher than local spiral galaxies, 
though their Lir/L'(-;q is similar or slightly higher. These 
results indicate that observed barred spiral galaxies at z 
0.1 form stars more actively, not because their SFE is 
different but because their content of molecular g as as a 
fuel for star formation is more abundant compared with 
local spiral galaxies. 

This is the very first observation specialized for barred 
spiral galaxies in this redshift range. However, it is hard to 
describe the evolution of barred spiral galaxies with only 
this data of samples at z ^0.1, thus it is necessary to en- 
large not only the number of samples at this redshift but 
also the samples in higher redshift. The six CO-detected 
barred spiral galaxies at z ^ 0.1 in this observation seem 
to be bright enough in CO to observe their distributions 
and have relatively similar SFE to local spiral galaxies. 
These galaxies could be appropriate candidates for up- 
coming ALMA observations to compare the distribution 
of molecular gas in barred spiral galaxies with compara- 
ble resolution at different redshifts and to investigate the 
origin of diversity of molecular gas distributions in bars. 

We would like to thank the anonymous referee for 
very productive comments. We also thank the all mem- 
bers of NRO for observational supports. K.M. thanks 
the all members of her research department in Hokkaido 
University, and especially to Elizabeth J. Tasker. 
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